Cross sections for the charm-production reactionspp →Λ * mesons, a charm-production potential derived in a quark model is employed for assessing uncertainties. The cross sections predicted within that picture turned out to be significantly smaller.
I. INTRODUCTION
The FAIR project at the GSI laboratory has an extensive program aiming at a high-accuracy spectroscopy of charmed hadrons and at an investigation of their interactions with ordinary matter [1] . For the feasibility of such studies, specifically those of thePANDA experiment [2] the production rate for charmed hadrons in antiproton-proton (pp) is a key factor. Knowledge of such production rate is also relevant for studies of in-medium changes of charmed hadrons-for recent references, see Refs. [3] [4] [5] . However, presently very little is known about the strength of the interaction of charmed hadrons with ordinary baryons and mesons. In view of that, over the last few years we have looked at the exclusive charm-production reactionspp →Λ − c Λ + c [6] andpp → DD, D sDs [7, 8] close to their thresholds with the objective to provide with our predictions estimations for the pertinent cross sections.
In the present paper we extend our study of the reactionpp →Λ − c Λ + c [6] to the production of other charmed baryons such as the Σ c , the Ξ c and the Ξ ′ c . The projected antiproton beam-momentum available for thePANDA experiment reaches up to 15 GeV/c corresponding to a center-of-mass energy of √ s = 5.5 GeV [9] . Thus, the production of most of the charmed members of the lowest SU(4) J P = 1/2 + baryon 20-plet is possible atPANDA, including the Ξ c and Ξ [11] [12] [13] [14] [15] [16] [17] this can not be said for the production of other charmed baryons. Khodjamirian et al. [15] published cross sections forΛ [13] and forΞ c Ξ c in [18] . However, their analysis focusses on the region of small momentum transfer and integrated cross sections are not given. The earliest study we are aware of where integrated cross sections forΣ
were presented is the one by Kroll et al. [11] . Our analysis of charm production is done in complete analogy to that of the reactionspp →ΛΛ,ΛΣ,ΣΣ,ΞΞ performed by the Jülich group some time ago [19] [20] [21] [22] . In those studies the hyperon-production reaction is considered within a coupled-channel model. This allows to take into account rigorously the effects of the initial (pp) and final (Ȳ Y ) state interactions which play an important role for energies near the production threshold [19, 20, 23, 24] . The microscopic strangeness production is described by meson exchange and arises from the exchange of the K and K * mesons. The elastic parts of the interactions in the initial (pp) and final (Ȳ Y ) states are likewise described by meson exchange, while annihilation processes are accounted for by phenomenological optical potentials. Specifically, the elastic parts of the initial-(ISI) and final-state interactions (FSI) are G-parity transforms of an one-boson-exchange variant of the Bonn N N potential [25] and of the hyperon-nucleon model A of Ref. [26] , respectively. With this model a good overall description of thepp →ΛΛ,pp →ΛΣ+c.c., andpp →ΣΣ data obtained in the P185 experiment at LEAR (CERN) [27] could be achieved and its results are also in line with the scarce experimental information for pp →ΞΞ [22] .
The extension of the model to the charm sector is based on SU(4) flavor symmetry. Accordingly, the elementary charm production process is described by t-channel D and D * meson exchanges. Note that the symmetry is invoked primarily as guideline for providing constraints on the pertinent baryon-meson coupling constants. Though we do not expect that the SU(4) symmetry should hold, recent calculations of the relevant coupling constants within QCD light-cone sum rules suggest that the actual deviation from the SU(4) values could be only in the order of a factor 2 or even less [15] ; even smaller deviations have been obtained [28] in a constituent quark model calculation using the 3 P 0 pair-creation mechanism. We examine the sensitivity of the results to variations in the elastic and annihilation parts of the initialpp interaction. Furthermore, as already done forΛ
, we investigate the effect of replacing the meson-exchange transition by a charm-production potential derived in a quark model. Again this serves for assessing uncertainties in the model, since one could question the validity of a meson-exchange description of the transition in view of the large masses of the exchanged mesons. In this context we want to note that meson-exchange as well as the quark model lead to rather short ranged transition potentials. Thus, practically speaking those can be viewed as being contact interactions where the pertinent coupling constants are simply saturated [29] by the dynamics underlying the two considered approaches.
In the next two Sections we introduce the basic ingredients of the model. In Section IV we present numerical results for total cross sections for the variousȲ c Y c channels, utilizing for the charm-production mechanism meson-exchange as well as the quark model. A summary of our work is presented in Section V. Details on the transition potential in the quark model and on the SU(4) coupling constants that enter the meson-exchange transition potential are collected in Appendices.
II. THE MODEL
We calculate the charm production reactionspp →Ȳ c Y c in close analogy to the original Jülich coupled channel approach [19] [20] [21] [22] to strangeness production. The transition amplitude is obtained from the solution of a multi-channel Lippmann-Schwinger (LS) equation,
which reads explicitly in terms of the channels µ (ν) corresponding toN
Here z is the total energy and p ν (p µ ) the relative momentum in the initial (final) state in the center-of-mass. The propagator, G 0 (p, z), is given by
with
, etc., being the relativistic energies of the two baryons in the intermediate state. The calculations are performed in isospin basis, which is sufficient for an exploratory study. Moreover, the mass splitting between Σ ++ c , Σ + c , and Σ 0 c is rather small [10] . This is different in the strangeness sector where there is a sizable mass difference between the Σ + , Σ 0 , and Σ − which made a calculation in the particle basis mandatory [21] . The transition potential fromN N to theȲ c Y c channel is given by t-channel D and D * exchanges, see Fig. 1 (upper row). The expressions for the transition potentials are the same as for K and K * exchange and can be found in Ref. [26] . They are of the generic form
where g N YcM are coupling constants and F N YcM (t) are form factors. Under the assumption of SU (4) symmetry the coupling constants are identical to those in the corresponding strangeness production reaction forN N →Λ from an initialpp state. The corresponding transition potentials V µν are zero. However, the employed coupled-channel framework, cf. Eq. (2), generates automatically multistep processes so that the corresponding transition amplitudes T µν are no longer zero. Some contributions that arise at the first iteration in the LS equation are depicted in the lower row of Fig. 1 . In principle, there are also contributions from non-iterative two-meson exchanges. However, we expect those to be much less important in comparison to iterated one-meson exchange. In the latter case the two baryons in the intermediate states can go on-shell and the pertinent contributions are accordingly enhanced [30] .
The diagonal potentials V µµ are given by the sum of an elastic part and an annihilation part. For theN N channel we use again the set of potentials introduced and described in Refs. [6, 7] . Their elastic part is loosely connected (via G-parity transform) to a simple, energy-independent one-boson-exchange N N potential (OBEPF). However, since at the high energies necessary for charm production any N N potential has to be considered as being purely phenomenological several variants were constructed in order to explore how strongly the results on charm production depend on the choice of theN N interaction. In two of those variants (called A and A' in [6, 7] ) only the longest ranged (and model-independent) part of the elasticN N interaction, namely one-pion exchange, was kept. Model B and C include also some short-range contributions, see the discussion in [6] .
All variants are supplemented by a phenomenological spin-, isospin-, and energy-independent optical potential of Gaussian form, in order to take into account annihilation,
The free parameters (U 0 , W 0 , r 0 ) were determined by a fit toN N data in the energy region relevant for the reactions pp →Λ Table 1 of Ref. [6] .) The data set comprises total cross sections, and integrated elastic and charge-exchange (pp →nn) cross sections. With all four variants a rather satisfying description of theN N data in that energy region could be obtained as documented in Refs. [6, 7] . Even at p lab = 12 GeV/c, i.e. at a momentum that corresponds roughly to thē Ξ c Ξ c threshold, the differential cross section is nicely reproduced by all models, as exemplified in Fig. 2 . Evidently, not only the magnitude at very forward angles but also the slope is reproduced well by all consideredN N interactions. We want to emphasize that differential cross sections were not included in the fitting procedure and are, therefore, predictions of the models. Note that yet anotherN N model was considered in [6] , namely Model D, which is based on the full G-parity transformed OBEPF. However, its results disagree considerably with the empiricalpp differential cross sections as well as with the integrated charge-exchange cross sections and, thus, cannot be considered to be realistic. Because of that it was no longer utilized in our study ofpp → DD [7, 8] and we will not use it here either.
In Ref. [6] the interaction in the finalΛ − c Λ + c system was assumed to be the same as the one inΛΛ. Specifically, this means that the elastic part of the interaction is fixed by coupling constants and vertex form factors taken from the hyperon-nucleon model A of Ref. [26] , while the annihilation part is again parameterized by an optical potential which contains, however, spin-orbit and tensor components in addition to a central component [19] :
The free parameters in the opticalΛΛ potential were determined in Ref. [19] by a fit to data on total and differential cross sections, and analyzing power forpp →ΛΛ. As already emphasized in [6] , we do not expect that theΛ
interaction will be the same on a quantitative level. But at least the bulk properties should be similar, because in both cases near threshold the interactions will be govered by strong annihilation processes. In the present study we need also interactions in the finalΛ 
III. TRANSITION POTENTIAL FROM THE CONSTITUENT QUARK MODEL
As an alternative to meson exchange we consider a charm-production potential inspired by quark-gluon dynamics. The strange-hadron production in pp reactions has been studied extensively within the constituent quark model in the past. The best known works are perhaps those of Kohno and Weise [23] , Furui and Faessler [34] , Burkardt and Dillig [35] , Roberts [36] and Alberg, Henley and Wilets [24] . For an extensive list of references see the review [27] and for a fairly recent work Ref. [37] . In the present study we adopt the interaction proposed by Kohno and Weise, derived in the so-called 3 S 1 mechanism. In this model thess (orcc) pair in the final state is created from an initialūu ordd pair via s-channel gluon exchange, see Fig. 1 . After quark degrees-of-freedom are integrated out the potential has the form [23] :
The corresponding expressions for the transitions to charmed baryons (pp →Λ (7)- (9) is an effective (quark-gluon) coupling strength, r 2 is the mean square radius associated with the quark distribution in the nucleon and S is the total spin in thepp system. The effective coupling strength is practically a free parameter that was fixed by a fit to thepp →ΛΛ data [20] . Contrary to Ref. [23] and to our initial study [6] now we take into account the quark-mass dependence of the intrinsic wave functions of the baryons. This dependence is encoded in the functions A 1 (α, β) and B 1 (α, β) for which explicit expressions can be found in Appendix A, together with the transition potentials to other channels such asΞΞ. For equal quark masses A 1 and B 1 reduce to 1 so that one recovers the result of Kohno and Weise. However, considering the difference in the constituent quark masses of the strange and the charmed quark one arrives at somewhat different strengths and ranges for the transition potentials in the strangeness and charm sectors. Choosing r 2 1/2 = 0.571 fm andα/m 2 G = 0.252 fm 2 ensures agreement with the parameters used in our studies ofpp →ΛΛ [20] andpp →ΛΣ [21] . The effective coupling strength depends explicitly on the effective gluon propagator m 2 G , i.e. on the square of the energy transfer from initial to final quark pair, cf. Refs. [34, 35, 38] . Heuristically this energy transfer corresponds roughly to the masses of the produced constituent quarks, i.e. m G ≈ 2m q so that we expect the effective coupling strengthα/m 2 G for charm production to be reduced by the ratio of the constituent quark masses of the strange and the charmed quark squared, (m s /m c ) 2 ≈ (550 MeV / 1600 MeV) 2 ≈ 1/9 as compared to the one forpp →ΛΛ. This reduction factor is adopted in our calculation for the charm sector.
In the calculation for the quark-model transition potential the same diagonal interactions (N N →N N ,ΛΛ →ΛΛ, ...) as described in the last section are employed. However, the parameters in the optical potentials forΛΛ (cf. Eq. (6)) have been re-adjusted in order to ensure a reproduction of thepp →ΛΛ data [20] and the same has been done in Ref. [21] forΛΣ+c.c. and now for the new data on theΣΣ channels. For the extension to the charm sector we assume again that theȲ c Y c interactions are the same as those forȲ Y . [32, 33] . The symbols are placed at slightly lower and higher momenta, respectively, so that the error bars do not overlap.
IV. RESULTS
Before we present our results for charm production let us discuss briefly the reactionpp →ΣΣ. When the Jülich group published their results back in 1993 [21] the only experimental information on theΣΣ channel at low energies consisted in a preliminary data point forΣ − Σ + . In the meantime the final result forΣ − Σ + has become available [32] and also a measurement forΣ + Σ − [33] . The latter channel is of particular interest because it requires a double charge-exchange and, therefore, at least a two-step process. In our model calculation such processes are generated automatically by solving the LS equation (2), and it had been predicted in Ref. [21] thatΣ + Σ − production is by no means suppressed at low energies as one could have expected. The actual measurement of the cross section, published several years after our calculation [33] , nicely confirmed this prediction, see Fig. 3 (left). Results forpp →ΣΣ based on the constituent quark-model had not been presented in Ref. [21] . This is done here for the first time, see Fig. 3 (right). Information on the model results forpp →ΛΛ andpp →ΛΣ can be readily found in Refs. [19] [20] [21] (for the meson-exchange and the quark-model) and we refrain from reproducing those here. It is instructive to recall the kinematical situation for the production of strange and charmed baryons inpp collisions. This is done in Fig. 4 where the thresholds of the various channels are indicated. One can see that the openings of theΛΛ,ΛΣ, andΣΣ channels are much closer together than those of their charmed counterparts. On the other hand, theΞΞ threshold is much farther away than that ofΞ c Ξ c . And in the charmed case there are in addition thresholds involving the Ξ ′ c . We indicate also the thresholds of channels that involve the 3/2 + baryons Σ * (1385) and Σ * c (2520). Those channels are not included in the present study which aims at a rough and qualitative estimation of the (strangeness and) charm production cross section. It should be said, however, that their presence could have a sizable quantitative impact on the production cross sections, specifically in those reactions whose thresholds lie above the ones for the production of 3/2 + baryons. Predictions for the charm production reactionspp →Λ [6, 7] . Accordingly, the variation of the predicted production cross section due to differences in the employedN N ISI, represented by bands in Fig. 5 , is now much smaller, namely less than a factor 2. Thus, forN N potentials that not only reproduce the integrated cross sections but also describe thepp differential cross in forward direction satisfactorily the resulting uncertainty in the predicted charm production cross sections remains modest. Evidently, now the bands from the meson-exchange and quarkmodel transition potentials are clearly separated. Note that for the latter in the present work the dependence of the mean square radius r 2 on the quark masses is taken into account, cf. Sec. III, and because of that the predictions are slightly increased as compared to the ones shown in Ref. [6] .
In order to facilitate a quantitative comparison between the two model approaches, but also between the predictions for charm production with those for the strangeness sector, we provide tables with results corresponding to the excess energies of 25 MeV (Table I ) and 100 MeV (Table II) For the ease of comparison we include in Fig. 5 also results from Khodjamirian et al. [15] (solid curve; the dashed curves indicate the uncertainty.) In that study, following Kaidalov and Volkovitsky [12] , a non-perturbative quarkgluon string model is used where, however, now baryon-meson coupling constants from QCD lightcome sum rules are employed. Interestingly, those results obtained in a rather different framework are more or less in line with our quark-model predictions.
Results for thepp →Σ c Σ c channels are presented in Fig. 6 . The cross sections predicted by the meson-exchange model are all of similar magnitude, even the one forΣ Tables I and II. There is a clear trend that the cross sections in the quark model become more and more suppressed as compared to those from meson-exchange for channels with higher lying thresholds. The main reason for the stronger suppression is presumably related to the exponential r dependence of the potential, see the expressions in Sec. III and Appendix A. It amounts to V µν (q) ∝ exp(−q 2 r 2 /3) in momentum space with q = p µ − p ν being the transferred momentum. With increasing masses of the baryons there is an increasing momentum mismatch between the on-shell momenta in the initial (N N ) and final states and, because of the exponential q 2 dependence, the on-shell matrix elements are strongly reduced for transitions to higher channels. In the meson-exchange picture the potential is given by
. Since m M is already of the order of 2 GeV variations in q 2 due to the different charm thresholds have only a moderate effect on the strength of the (on-shell) potential.
In addition also the interactions in the finalȲ c Y c states play a more important role. ForΛ − c Λ + c production we had found that the results are rather insensitive to the FSI [6] , leading to a reduction of the cross section in the order of only 10-15 % when it is switched off altogether. This is no longer the case for channels with higher lying thresholds. Indeed, an increased sensitivity is not too surprising in view of the fact that some channels likeΣ 0 c Σ 0 c and, of course, Ξ c Ξ c can only be reached by two-step processes, which means viaȲ c Y c FSI effects. We explored the sensitivity by (arbitrarily) increasing the annihilation in theΣ c Σ c channel by multiplying the strength parameters of theΣ c Σ c annihilation potential with a factor 2 and found that this reduces the pertinent charm production cross sections by one order of magnitude. Note that specifically for the quark model, where the on-shell transition matrix elements are rather small as discussed above, off-shell rescattering in the various transitions becomes very important.
The charm production cross sections based on the meson-exchange picture depend also sensitively on the formfactor parameters at the N Y c D and N Y c D * vertices. As said in Sec. II, for the results discussed above a cutoff mass of Λ = 3 GeV has been used. When reducing this value to 2.5 GeV the cross sections forpp →Λ − c Λ + c drop by roughly a factor 3 [6] . For the other charm production channels considered in the present paper such a decrease of the cutoff mass in the transition potential yields a reduction of a factor 5 in the cross sections. One can view that variation as a further uncertainty of the predictions based on the meson-exchange model. If so one can conclude that the results of However, this is definitely not the case for the other charm production channels considered. In principle, employing even smaller cutoff masses would further decrease the cross sections of the meson-exchange charm-production mechanism. However, as argued in Ref. [6] , in view of the fact that the exchanged mesons have a mass of around 1.9 to 2 GeV we consider values below 2.5 GeV as being not really realistic.
Finally, a comment on the SU(4) flavor symmetry which is used here as guideline for providing constraints on the pertinent baryon-meson coupling constants. As already said in the Introduction, recent calculations of the relevant (D and D * ) coupling constants within QCD light-cone sum rules suggest that the actual deviation from the SU(4) predictions could be in the order of a factor 2 or smaller, see Table 1 in Ref. [15] . Indeed, in several cases the ratio of the N Y c M to N Y M coupling constants turned out to be practically consistent with SU(4) symmetry (where that ratio is 1) within the quoted uncertainty. In any case, since the coupling constants enter quadratically into the potential, see Eq. (4), and with the 4th power into the cross sections it follows that a factor 2 (1.5) in the coupling constant implies roughly a variation in the order of a factor 16 (5) in the cross section. Such variations are larger than those from thepp ISI represented by the bands. However, they are well within the difference we observe between the predictions based on the meson-exchange transition potential and those of the quark model.
V. SUMMARY
In this paper we presented predictions for the charm-production reactionpp →Λ
. The production process is described within the meson-exchange picture in close analogy to our earlier studies onpp →ΛΛ [19] ,ΛΣ,ΣΣ [21] , andΞΞ [22] by connecting the dynamics via SU(4) symmetry. The calculations were performed Strangeness Charm within a coupled-channels framework so that the interaction in the initialpp interaction, which plays a crucial role for reliable predictions, can be taken into account rigorously. The interactions in the variousȲ c Y c channels and the transitions between those channels are also included. The obtainedΛ In order to shed light on the model dependence of our results we investigated the effect of replacing the mesonexchange transition potential by a charm-production mechanism derived in a quark model. In our earlier work on the reactionpp →Λ − c Λ + c we had found that both pictures lead to predictions of essentially the same order of magnitude [6] . Thus, it seemed that the details of the production mechanism do not matter, only the involved scales and these are fixed by the masses of the exchanged mesons or, correspondingly, the constituent masses of the produced charmed quarks. Now, it turned out that our conclusion drawn from that work was perhaps too optimistic. The extension of the study to other charmed baryons in the present work revealed drastic differences between the predictions of the two production mechanisms for channels with higher thresholds. Specifically, forpp →Λ Clearly, this large difference or uncertainty in our predictions is a bit disillusioning. But to some extent it does not really come unexpected. While for the lowest channel,Λ − c Λ + c , the magnitude of the cross section is mostly influenced by the initialpp interaction (which is known and fixed from experimental data) this is no longer the case for the other reactions. Here two-step processes of the formpp →Λ .., channels become more significant and those are not constrained by any empirical information. Specifically, for the quark-model results these interactions play a decisive role because direct transitions are suppressed due to the large momentum mismatch. Accepting the difference between the predictions based on meson exchange and those for the quark model as the basic uncertainty of our model calculation leaves ample room and, thus, is not so uncouraging for pertinent measurements. The results for meson exchange taken alone convey a much more optimistic perspective for experimental efforts. In any case, which of those scenarios is closer to reality can be only decided by performing concrete experiments that will hopefully be pursued at FAIR in the future. ,
and S is the total spin of the light quark-antiquark pair (or of the heavy antiquark-quark pair, any quark mass factors involved in either case are absorbed in the effective coupling). Also, l stands for (u, d) and, depending on the case, h for s or c. For example, while in the processpp →ΛΛ (Λ c Λ c ), h = s (c), inΛΛ →Ξ c Ξ c , l = (u, d) and h = c, and so on.
To evaluate the transition potential, we need quark-model wave functions for the baryons and antibaryons. For simplicity, we use harmonic oscillator wave functions, that for the ground states are given by 
Finally, for the Ξ c and Ξ ′ c states, which involve u(d), s and c quarks, in order to keep the calculation simple we define an average massm = (m + m s )/2 so that in the wave function (A3) the size parameters are related to those of the proton as b 
Given the microscopic interaction and the baryon and antibaryon wave functions, one can evaluate rather easily the transition potentials. For the transitionspp →ΛΛ,Σ 0 Σ 0 ,ΛΣ 0 ,Σ − Σ + the potentials have been given explicitly in Eqs. (7)- (10), where the functions A 1 (α, β) and B 1 (α, β) take into account the different sizes of the baryons due to quark-mass differences encoded in the parameters α and β defined above:
The expressions for the corresponding charm-production potentialspp →Λ − c Λ + c , ..., are identical. But α and β differ and, accordingly, the values of the factors A 1 and B 1 . And, of course, also the effective coupling constant is different. The transition potentials for double-strange baryon production,ΛΛ,
where
and χ 0 and χ 1 are color-spin-flavor coefficients whose values are given in Table III (we use the phase conventions of Ref. [43] for the spin-flavor wave functions). Table IV , and the functions A 2 and B 2 replaced by
for the strange antibaryon-baryon initial states and
for the charmed antibaryon-baryon initial states, with α c being the charmed counterpart of α:
Though we provide here all transition potentials between the strangeness and the charm sectors for completeness reasons, it should be said that only transitions of the formpp →Λ it had turned out that two-step processes involving strange hadrons are practically negligible [7] . For calculating the baryon-baryon-meson coupling constants within the assumed SU(4) symmetry we utilize here the tensors ψ µνλ (µ, ν, λ = 1, ..., 4) introduced by Okubo [39] for representing the baryon 20-plet, see also the Appendix of Ref. [40] . These tensors fulfil the conditions ψ µνλ + ψ νλµ + ψ λµν = 0, ψ µνλ = ψ νµλ .
In terms of the baryon fields the tensor is given by [39] ψ 111 = p ψ 221 = n ψ 123 = In the study of strangeness production [19] [20] [21] [22] the contribution of φ meson exchange was ignored. Since its contribution is of rather short range it was argued that it is effectively included via the real part of the phenomenological annihilation potential, which is also of short range and has to determined by a fit to data anyway. We adopt the same point of view here, and we also omit the contribution of the even shorter ranged contribution from J/ψ exchange. Exploratory calculations for strangeness production with inclusion of φ exchange resulted in an increase of the cross sections by a factor of roughly 2. However, as expected this increase can be easily compensated by an appropriate adjustment of the parameters in the annihilation potential so that one arrives again at results that agree with the measurements. A corresponding compensation takes place also in the charm sector if we include the φ meson but then adopt likewise the re-adjusted parameters (from the strangeness sector) for the final-state interaction in Λ cΛc , etc.
In the works of the Bonn-Jülich groups the σ meson stands for the correlated ππ s-wave interaction and is neither considered to be an SU(3) singlet nor a member of the 0 + -meson octet. Here, for simplicity reasons we simply take over the coupling constants used at the ΛΛσ-, ΣΣσ-, and ΞΞσ vertices in previous works [22, 26] for the corresponding vertices for charmed baryons. Table V summarizes the values of the coupling constants and cutoff masses of the vertex form factors employed in the present calculation. 
